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Abstract

The rapid and simultaneous detection of DNA and protein biomarkers is necessary to detect the outbreak of a disease or to
monitor a disease. For example, cardiovascular diseases are a major cause of adult mortality worldwide. We have developed a
rapidly adaptable platform to assess biomarkers using a microfluidic technology. Our model mimics autoantibodies against three
proteins, C-reactive protein (CRP), brain natriuretic peptide (BNP), and low-density lipoprotein (LDL). Cell-free mitochondrial
DNA (cfmDNA) and DNA controls are detected via fluorescence probes. The biomarkers are covalently bound on the surface of
size- (11-15 um) and dual-color encoded microbeads and immobilized as planar layer in a microfluidic chip flow cell. Binding
events of target molecules were analyzed by fluorescence measurements with a fully automatized fluorescence microscope (end-
point and real-time) developed in house. The model system was optimized for buffers and immobilization strategies of the
microbeads to enable the simultaneous detection of protein and DNA biomarkers. All prime target molecules (anti-CRP, anti-
BNP, anti-LDL, cfmDNA) and the controls were successfully detected both in independent reactions and simultaneously. In
addition, the biomarkers could also be detected in spiked human serum in a similar way as in the optimized buffer system. The
detection limit specified by the manufacturer is reduced by at least a factor of five for each biomarker as a result of the antibody
detection and kinetic experiments indicate that nearly 50 % of the fluorescence intensity is achieved within 7 min. For rapid data
inspection, we have developed the open source software digilogger, which can be applied for data evaluation and visualization.
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Introduction

In order to relieve the burden on the health care system and
thus avoid late diagnoses and deaths of patients, rapid identi-
fication and treatment of risk factors is necessary [1].
Biomarkers are indicator tools to assess physiological, patho-
genic, or pharmacological processes.

They are used to monitor or detect diseases [2].
Prerequisites for biomarkers are high specificity, easy acces-
sibility for high diagnostic sensitivity, high stability, and long
plasma half-life [3]. For example, cardiovascular diseases
(CVD) are one of the major reasons of mortality and morbid-
ity worldwide caused by genetic predisposition, lifestyle, high
misdiagnosis, and lack of clearly defined risk assessment
criteria [3—5]. Immunoassays belong to the most import type
of analytical methods in clinical environments and a large
number of biomarkers have been investigated in CVD over
the last 10 years [6, 7]. This includes C-reactive protein
(CRP), brain natriuretic peptide (BNP), and low-density lipo-
protein (LDL). However, there are new DNA-based bio-
markers such as cell-free mitochondrial DNA (cfmDNA) that
indicate systemic inflammation [8]. High concentrations of
cfmDNA lead to cytokine production in monocytes and thus
to an induced inflammatory reaction. This reaction may be
involved in age-related CVD diseases such as heart failure,
atherosclerosis, and ischemic heart disease [8, 9].

In recent years, there has been an ongoing discussion about
the influence of autoantibodies on the pathology of inflamma-
tory cardiovascular disease [11]. Several studies suggest that
autoantibodies play a role in the development of cardiovascu-
lar disease, regardless of whether the person is affected by
autoimmune disease or not [12—14]. In systemic lupus erythe-
matosus (SLE), a multiorganic inflammatory disorder, CRP
levels can be very low despite inflammatory activity.
However, autoantibodies against CRP occur, which may be
a link to acute coronary syndrome and thus a link between
SLE and an increased risk of CVD [15-17]. Another autoan-
tibody involved in SLE is anti-oxidized LDL (oxLDL).
Increased detection of anti-oxLDL indicates atherosclerosis
and may also serve as a marker for cardiovascular disease
[18-20].

To detect several biomarkers simultaneously for a
quick diagnostic statement, a combination of
microfluidic and microbead technology is proposed. In
comparison to conventional analytical methods, offer
these technologies advantages in terms of multiplexing,
time reduction, the use of smaller reaction quantities,
and automation [7, 21]. The application of microbeads
is suitable for the observation of the health condition of
patients by a fast, multiparametric, economical, and sen-
sitive sample analysis. The integration of microbeads in
microfluidic devices brings further advantages such as
reaction optimization. This can be achieved by volume
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reduction, meaning the use of small reaction volumes in
the pico- and microliter range. Furthermore, high
surface-to-volume ratios increase sensitivity; low local
temperature fluctuations enable higher assay reproduc-
ibility and reduced incubation time [21]. In addition,
microfluidic integration poses to potential for point-of-
care testing by running an assay completely automati-
cally in self-contained cartridges without human
interference.

We demonstrate the rapid integration of putative car-
diovascular biomarkers, mimicking autoantibodies against
CRP, BNP, and LDL, as well as the integration of
cfmDNA detection, into a microfluidic system through
patient-oriented data collection, measurements, and data
analysis. We show how to combine microbeads and a
microfluidic technology to study the molecular interaction
between antibody and antigen as well as between DNA
and DNA (Table 1).

Experimental
Microfluidic chip

We used a commercially available microfluidic chip
consisting of six reagent reservoirs with volumes of 25 and
50 pL, a bubble trap, and a waste reservoir (flexflow slides,
BiFlow Systems GmbH, Germany). The reservoirs can be
emptied by integrated electrochemical micropumps. The tech-
nical setup and operation principle of the microfluidic car-
tridges as well as of the integrated micropumps is described
elsewhere [22—24]. One chip can be used for one patient. The
reagent reservoirs were filled with assay components (buffers
or sample solution). Reagent reservoirs and flow cell were
sealed with pressure-sensitive adhesive cover tape. The inte-
grated micropumps and thus the volume flows in the cavities
were controlled via the pump control software (Fig. 1). A
video on the handling of the microfluidic chip can be found
in the ESM.

Microbeads

We used seven carboxylated poly(methylmethacrylate)
(PMMA) microbead populations (PolyAn GmbH,
Germany). The microbeads are coded by two fluorescence
dyes (Rhodamin 6G and Coumarin 334) and by size
(Table 2) [25, 26].

Covalent coupling of biomarkers on microbeads
Independently, proteins CRP (antibodies-online GmbH,

Germany), BNP (Bachem, Switzerland), LDL (Biozol,
Germany), and streptavidin (internally produced according



Simultaneous detection and quantification of DNA and protein biomarkers in spectrum of cardiovascular... 7727

Table 1

Biomolecules application in microbead-based microfluidic chip. CRP, BNP, and LDL served as model targets to mimic autoantibody reactions

Biomolecule Term and sequences

Detection molecule

Application

CRP C-reactive protein

BNP Brain natriuretic peptide

LDL Low-density lipoprotein

cfmDNA Cell-free mitochondrial DNA 5-TGG GAG TGG

GAG GGG AAA ATA ATG TGT TAG TTG GGG
GGT GAC TGT TAA AAG TGC ATA CCG CCA
AAA GAT AAA ATT TGA AAT CTG GTT AGG
CTG GTG TTA GGG TTC TTT GTT TTT GGG
GTT TGG CAG AGATGT GTT TAA GTG CTG
TGG CCA-3'

FISH Capture probe 5'<(T),0)ACWCCTACGGG
WGGCWGC-3', 3'biotinylated
HPV72
ATGAGCTT-3', 3'Cy5 conjugated, 5'biotinylated
SAv Streptavidin

Monoclonal antibody (IgG) against CRP, Cy5
conjugated

Monoclonal antibody (IgG) against BNP, CyS
conjugated

Polyclonal antibody (IgG) against LDL, Cy5
conjugated

Capture probe 5'-(T),)ATCTCTGCCAAACC
CC-3'3'biotinylated detection probe 5'-TTGG
CGGTATGCACTT-3', 5'Cy5 conjugated

Human papilloma virus 72 5'-CATCTGTTGGTTTA  Detection probe 5'-AAGCTCATTAAACC
AACAGATG-3', 3'biotinylated

Protein-based cardiovascular
biomarker
immunofluorescence
dilution 1:50-1:200

Protein-based cardiovascular
biomarker
immunofluorescence
dilution 1:50-1:200

Protein-based cardiovascular
biomarker
immunofluorescence
dilution 1:50-1:200

DNA-based cardiovascular
biomarker

EUB338 5'-GCWGCCWCCCGTAGGWGT-3', Unrelated internal control
5'Cy5 conjugated [10]

from fluorescence in situ
Hybridization experiments

Unrelated internal control

Negative control

to [27]) were covalently bound to microbeads (Table 2) using
a crosslinker I-ethyl-3- (3- dimethylaminopropyl)
carbodiimid hydrochloride (EDC, Karl Roth, Germany).
Streptavidin was used for the immobilization of biotinylated
DNA probes. Per population 10° microbeads were washed
first with 200 pL 2-(N-morpholino)ethanosulfonic acid
0.1 M (MES, pH 4.6, Karl Roth, Germany). Afterwards, car-
boxyl groups were activated by shaking for 20 min at 28 °C
and 1200 rpm with EDC solution (25 mg/mL, dissolved in
MES). Followed by washing step with 0.05 % phosphate-
buffered saline (PBS) and incubated by shaking (3 h at 28
°C 1200 rpm) with corresponding protein (300 pg/ul, dis-
solved in 0.05 x PBS). Microbeads were washed three times
with 200 pL tris-buffered saline containing 0.1 % Tween
(TBS-T).

Coupling of capture probes on microbeads

The biotinylated capture probes for cfmDNA (cfmDNA CP,
biomers.net GmbH, Germany) EUB338 (unrelated internal
control, biomers.net GmbH, Germany) and HPV72
(unrelated internal control, biomers.net GmbH, Germany)
were independently coupled to streptavidin coated
microbeads (MB4, MB6, and MB7) at 50 nM concentration
(1 hat28 °C and 1200 rpm). Afterwards the microbeads were
washed three times with 200 pL. TBS-T to remove unbound
capture probes (see ESM, Supp Sec 1, Fig. S1).

Assay preparation

All coated microbead populations (MB1-MB7) were pooled
in equal parts. A mixture of approximately 2000 microbeads
was immobilized with immobilization solution (Medipan
GmbH, Germany) on flow cell surface on microfluidic chip
and dried over night at RT. The multiwell plate does not have
to be prepared.

Protein assay—mimicking autoantibody testing

For protein detection (mimicking autoantibodies) in
microfluidic chip, reagent reservoirs were filled with TBS-T
buffer and 20 ng/uL of corresponding antibody (anti-CRP
monoclonal antibody conjugated with Cy5 (Bioss antibodies,
USA), anti-BNP monoclonal antibody conjugated with Cy5
(Bioss antibodies, USA)). First, TBS-T was pumped through
the flow cell to create a wet environment (see ESM, Supp Sec
2, Table S1). This was followed by a basis microbead mea-
surement using VideoScan technology [26]. Then, antibody
solution was pumped through flow cell and was incubated for
1 h at RT in the dark. To remove the excess of antibodies in
flow cell, the microbeads were washed once with TBS-T,
followed by final fluorescence measurement in VideoScan
technology. For protein detection in the multiwell plate, the
assay was performed in the same order as in the chip.
However, the microbead mix was incubated with the
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Fig. 1 Microfluidic microbead chip system for the analysis of
cardiovascular diseases. a In microfluidic chips (flex.flow, BiFlow
Systems GmbH), microbeads modified by us were immobilized in a
random arrangement on a carrier substrate in the flow cell. Reagent
reservoirs in microfluidic chip are filled with assay components (e.g.,
buffer, sample solution). During the assay, the components are pumped
via Bi.Flow Systems’ pump control software through microfluidic
channels. After incubation and washing steps, the microbeads were
measured in the flow cell using VideoScan technology (Bioimage
informatics). The surface fluorescence intensity results from a
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molecular interaction of the target molecules with the detector
molecules and is expressed as referenced mean fluorescence intensity
(refMFI). The data are then evaluated with the digilogger software
(video in Electronic Supplementary Material (ESM)). b Each
microbead population encodes one target molecule CRP, BNP, LDL
and cfmDNA. Those target molecules are detected by fluorescence
labelled antibodies or DNA probe. ¢ Furthermore, the microbeads are
coded by fluorescence and size, shown here in false colors. d A
detection of the target molecule becomes visible at the microbead
through a red corona



Simultaneous detection and quantification of DNA and protein biomarkers in spectrum of cardiovascular... 7729

Table2  Assignment of biomarkers to microbeads

Microbead population Diameter Loading

MBI1 11.2 um CRP

MB2 11.1 pm BNP

MB3 11.0 um LDL

MB4 14.4 pm cfmDNA

MB5 15.0 um Streptavidin
MB6 15.4 pm EUB338 (FISH)
MB7 12.3 um HPV72

corresponding antibody for 1 h at RT and 1200 rpm in the
thermomixer and then washed three times with TBS-T. One
washing step consisted of a centrifugation step (1 min at
10,000 rpm), the aspiration of the supernatant and the subse-
quent addition of 200 uL TBS-T. The microbeads were then
transferred to a multiwell plate and measured using VideoScan
technology. For dilution series, the assay was performed with
different concentrations (0.2 ng/uL to 100 ng/uL) of the cor-
responding antibody.

In addition, the biomarkers were spiked into human serum
(offered from donor) in a concentration range from 0.2 to 50
ng/uL and detected with the aid of microbeads in chip assay as
well as in multiwell plate.

DNA assay for cfmDNA testing

Reagent reservoirs of microfluidic chip were filled with TBS-
T, cfmDNA (10 ng/uL, Biotez Berlin Buch GmbH, Germany)
and detection probe for cfmDNA (cfmDNA DP, 50 nM, Cy5
conjugated, Biomers.net GmbH, Germany). As described in
subsection before (“Protein assay—mimicking autoantibody
testing”), the method was equally performed until step of basis
measurement. cfmDNA solution was pumped through flow
cell and incubated for 1 h at RT in the dark. To remove the
excess of cfmDNA in flow cell, the microbeads were washed
once with TBS-T. Afterwards, the cfmDNA DP solution was
pumped through flow cell and incubated for 1 h at RT in the
dark. After washing with TBS-T, the fluorescence signal was
measured in VideoScan technology. In the multiwell plate, the
assay was performed in the same order as in the chip. The
incubation steps with the cfmDNA to be detected and
cfmDNA DP were carried out for 1 h at RT and 1200 rpm in
the thermomixer, interrupted by washing with TBS-T three
times each.

The microbead suspension was then transferred to a
multiwell plate and measured using VideoScan technology.
For dilution series, the assay was performed with different
concentrations (0.5 to 100 ng/uL) of the cfmDNA.

In addition, the cfmDNA was spiked into human serum
(offered from donor) in a concentration range from 0.05 to

50 ng/uL and detected with the aid of microbeads in chip
assay as well as in multiwell plate.

Kinetics

Microfluidic chips for kinetic experiments were prepared as
described before. The fluorescence signal was measured every
3 min during 1 h incubation of antibody solution in protein
assay and cfmDNA DP incubation in DNA assay.

Data analysis

Images were acquired using the VideoScan platform and the
image data analyzed using the FastFluoScan software (see
[26] section 2.1-2.2). The proper linear range of fluorescence
intensity was determined by an adaptive algorithm. Details
can be found in the ESM (Supp Sec 5.) All raw data (shown
in ESM in files Raw_data.xIsx and Serum_Data.xlsx) were
analyzed with the R statistical [28] computing environment.
Non-linear kinetic curve data were fitted using the drc pack-
age [29] and plotted with the 95 % confidence interval (see
ESM, Supp Sec 6-9). The biomolecular interaction is reported
as refMFTI (referenced fluorescence intensity, see [26] for de-
tails). Precision medicine yields a large amounts of data that
surpasses human ability to understand it [30]. Therefore, there
is a growing need of a dedicated software streamlining getting
the gist of out the data. For this project, we developed the
graphical user interface digilogger as R package (https://
github.com/michbur/digilogger) that eases the visual
exploration of the data (see ESM, Supp Sec 10).

Results and discussion

Conventional detection methods of biomarkers are single de-
tection by immunoassay (membrane or chip based) or gPCR
[31, 32]. Growing attention is paid to the role of autoanti-
bodies in CVD [11, 33]. We have developed a model system,
to simultaneously measure and quantify protein and DNA
biomarkers in a microfluidic microbead chip. Experiments
have been carried out to demonstrate the functionality of our
model, including the optimization of the system through a
suitable buffer system, an applicable immobilization method,
and the analysis of biomarkers in human serum.

Optimization of microbead immobilization and assay
environment

Optimal assay conditions in a microfluidic chip are based on
an optimized microbead immobilization. Three options (meth-
od A, immobilization by drying; method B, poly-L-lysine
(PLL); method C, immobilization solution (Medipan
GmbH)) were tested. The end point was the lowest microbead

@ Springer


http://biomers.net
https://github.com/michbur/digilogger
https://github.com/michbur/digilogger

7730

Dinter F. et al.

loss after all washing steps. The immobilization of the
microbeads by method A showed the highest loss of
microbeads with 37 %. Method B had the lowest microbead
loss of 6 %. The immobilization of microbeads with PLL was
described as the most effective method in [26]. However, un-
specific binding of oligonucleotides to the coated surface was
observed. Thus, method B was discarded. Microbead immo-
bilization with method C resulted in ~ 25 % microbead loss.
No unspecific binding was observed. Thus, method C was
further used to immobilize the microbeads on chip surface.

Next, we optimized the buffer system (see ESM, Supp Sec
3, Fig. S2). Four different buffer systems (PBS, PBS-T, TBS,
and TBS-T) were used. All biomarkers were tested in single
measurements in each buffer. Both PBS-T and TBS-T were
found to be suitable for further use. Using PBS and TBS
without the surfactant and spreading agent Tween 20
(Polysorbate 20), only low signals were obtained or
microbeads aggregated in the flow cell. Finally, TBS-T was
selected as buffer system for further experiments, since the use
of phosphate-buffered systems can lead to unspecific binding
[34].

Proof of concept for the detection of biomarkers
in microfluidic microbead chip system

Autoantibodies appear to play a role in CVD [11-14]. During
the development of a model system for the simultaneous de-
tection of protein and DNA biomarkers in a microbead-based
microfluidic chip, the proteins CRP, BNP, and LDL were
coupled to corresponding microbeads (antigen) and detected
by a specific fluorescence labelled antibody (~autoantibody).
This system was used to mimick autoantibodies. For the de-
tection of the DNA-based biomarker, a capture probe was
coupled to a microbead population, which captures the
cfmDNA and is then detected by a second fluorescence la-
belled probe. To determine the specificity (Fig. 2) and sensi-
tivity (Fig. 3) of individual detection molecules, all biomarkers
(anti-CRP, anti-BNP, anti-LDL, and cfmDNA) were detected
in single reactions both in the chip (Fig. 2a.1-d.1) and in the
multiwell plate (Fig. 2a—d). For this purpose, a mix of coupled
microbead populations (MB1-MBS, in equal quantities) was
applied in corresponding assays. Anti-CRP, anti-BNP, anti-
LDL and cfmDNA are specifically detectable in all single re-
actions in the chip, but both the anti-CRP antibody and the
anti-LDL antibody recognize BNP unspecifically. All values
obtained with the chip system are significant, whereas the
values from BNP detection obtained from multiwell plate
show no significant differences in fluorescence signal. The
detection of cardiovascular biomarkers in the multiwell plate
is specific except for the detection of LDL, where BNP is
detected by the anti-LDL antibody and does not provide a
significant signal difference to detected LDL. In comparison
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to the measurement in multiwell plate, higher ligand values are
achieved using a chip system by a factor of 1.9 for CRP and by
a factor of 1.7 for cfmDNA. The ligand values for the detection
of LDL barely differ in the comparison of both methods,
whereas BNP reaches ligand value in the multiwell plate that
is 1.7 times higher, but with a high standard deviation. Looking

at the signal-to-noise ratios (SNR = 10log, (iﬂi‘) [35]), the
chip system shows a better result as all signals have a higher
dB value. CRP (chip, 16.96 dB; plate, 15.67 dB), BNP (chip,
13.84 dB; plate, 12.04 dB), LDL (chip, 13.19 dB; plate, 7.93
dB), and for cfmDNA (chip, 11.46 dB; plate, 5.85 dB). Here,
an advantage is shown in the lower background signal of the
chip in contrast to the multiwell plate. Using dilution series, the
sensitivity of each individual detection molecule was tested
both in the chip and in the multiwell plate (Fig. 3). The detec-
tion limit for the anti-CRP antibody is 0.2 ng/uL (refMFI
0.137) in the chip and 0.5 ng/uL (refMFI 0.1) in the multiwell
plate. This corresponds to a detection limit lower by a factor of
25 (chip) and 10 (plate) than the manufacturer’s values
(Biozol, 5 ng/uL). The detection limits for BNP and LDL in
the chip are 3.33 ng/uL each (BNP-refMFI 0.134, LDL—-
refMFI 0.14) and 1 ng/pL in the plate (BNP-refMFI 0.5,
LDL-refMFI 0.163), which is 1.5 times (chip) and 5 times
lower than specified by the manufacturer (Biozol, 5 ng/uL).
The detection limit for the DNA-based biomarker cfmDNA is
0.5 ng/uL (refMFI 0.09) in the chip and 0.1 ng/uL (refMFI
0.09) in the multiwell plate. Dilution series of cfmDNA was
performed as an example only and is therefore shown in the
ESM (Supp Sec 4, Fig. S3). In comparison to the detection
limits stated by the manufacturer, a microbead-based system
can be used with higher antibody dilutions both in the chip and
in the multiwell plate. Thus, we consider this as a promising
tool for autoantibody testing against CRP, BNP, and LDL. The
biomarkers were detected simultaneously in one dilution series
(see ESM, Supp Sec 4, Fig. S4). This shows that the values in
the chip during simultaneous measurement for CRP (simulta-
neous, refMFI 1.32; separately, refMFI 0.65) and BNP (simul-
taneous, refMFI 0.36; separately, refMFI 0.13) are approxi-
mately twice as high as in the separate measurement, whereas
the values for LDL are almost identical in both the separated
measurement and the simultancous measurement (simulta-
neous, refMFI 0.14; separately, refMFI 0.14). The values ob-
tained in the multiwell plate show no differences in the com-
parison of the two methods, CRP (simultaneous, 0.19; sepa-
rately, refMFI 0.1), BNP (simultaneous, refMFI 0.82; separate-
ly, refMFI 0.78), and LDL (simultaneous, refMFI 0.18; sepa-
rately, refMFI 0.16). To test the assay functionality under non-
optimal conditions, human serum was spiked with antibodies
against CRP, BNP, LDL, and cfmDNA. All biomarkers could
be detected on the respective microbeads without non-specific
binding. Again, differences in fluorescence signal were ob-
served between the chip system and the multiwell plate. The
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previously shown results under optimal buffer conditions
could be confirmed using human serum (see ESM, Supp Sec
4, Fig. SS).

Fluorescence intensity determination as a function
of time

Kinetics experiments are used to document the temporal
course of the signal rise of an assay (Fig. 4). The fluores-
cence intensity of the microbeads was measured over a

period of 1 h. For the chip, an initial measurement was
performed before the detection molecule was pumped
through the capillary of the chip. After a pumping time of
400 s, the fluorescence intensity was measured repeatedly.
For all biomarkers, approximately half of the maximum
fluorescence intensity was reached. A time-dependent sig-
nal increase was visible for all biomarkers. The detection
of CRP after 1 h incubation approached a maximum fluo-
rescence intensity of refMFI 1.57, BNP of refMFI 0.24,
LDL of refMFI 1.96, and ¢cfmDNA of refMFI 0.23. The
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Fig. 3 Serial dilution of CRP, BNP, and LDL in chip and multiwell plate.
The sensitivity of all detection molecules was determined by dilution
series in the chip (a.1—c.1) and in the multiwell plate (a.2—c.2).

fluorescence intensity of the microbeads in the multiwell
plate was incubated from the zero value for 1 h and also
measured in 3 min intervals. Compared to measurements in
the chip, no initial value of zero is reached here, which
indicates a high background signal. The increase in fluo-
rescence intensity as a function of time is also not visible.
Maximum fluorescence signals are calculated for CRP
refMFI 0.37, BNP refMFI 0.26, LDL refMFI 0.14, and
for cfmDNA refMFI 0.1.

Simultaneous detection of protein and DNA-based
biomarker in a microfluidic microbead chip

To ensure a fast and precise diagnosis, it is necessary to be able
to detect several biomarkers simultaneously in one sample.
Furthermore, it is advantageous to combine the detection of
two different molecule classes (e.g., protein, DNA) to expand
the variety of biomarkers and to save sample material [36]. All
biomarkers (anti-CRP, anti-BNP, anti-LDL, and cfmDNA)
and the additional DNA control molecules HPV72 and
EUB338 (FISH) were detected simultaneously in the chip
and in a multiwell plate (Fig. 5). The simultaneous detection
of the biomarkers confirms the tendency of the results of the
individual detections (Fig. 2) both from the chip and from the
multiwell plate. Anti-CRP antibodies are used to detect the
protein CRP with a fluorescence signal 6.5 times higher in
the chip than in the multiwell plate. Anti-BNP detects the
protein in the multiwell plate with a fluorescence signal 1.6
times higher than in the chip. The detection of LDL achieves
almost identical results using both methods. cfmDNA is
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Different concentrations of antibodies from 0.2 to 100 ng/uL. were used.
The representation of the curves (95 % confidence interval) was made
using statistical models gompertz (G3) and asymptotic regression (AR.3)

detected via the detection probe in the chip with a fluorescence
signal twice as high as in the multiwell plate. The results for
BNP, LDL, and cfmDNA are almost identical in direct com-
parison to the individual biomarker measurements. In con-
trast, the fluorescence signal for CRP is reduced by half for
both methods. It can be said that the detection of individual
biomolecules is not affected by the simultaneous detection of
six different molecules within a cavity, also seen in S4. Could
an improved binding behavior due to the prevailing competi-
tion of the individual molecules as well as the high binding
affinity of antibodies to the antigen and DNA to the DNA be
possible reasons for a higher fluorescence signal?

Comparison of microfluidic microbead chip
and conventional multiwell plate

In the comparison of the detection of CRP, BNP, LDL, and
cfmDNA in the microbead microfluidic chip and the
multiwell plate, the use of the chip shows more advantages
compared to the multiwell plate. Lower volumes are used
in the chip, so it is possible to save patient material. The
chip is fully automatized (e.g., reproducible volume flows)
and removes human bias. Furthermore, we observed lower
background signals in the chip despite fewer washing steps
than in the multiwell plate. The lower background is due to
the fact the fluorescence sum signal is lower in the chip
(300 um chamber height) then in the multiwell plate
(2000 pwm liquid column). Kinetics showed that approxi-
mately 50 % of the maximum fluorescence intensity is
achieved after an incubation time of 7 min. Signals in the
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multiwell plate needed 1 h. In everyday laboratory use, the
microfluidic chip has a disadvantage in terms of costs and
handling factor. The chip can only be used once and needs
several manual preparation steps. However, both factors
can be minimized in the later high-throughput process.

Since the microfluidic chips have a lower cost on a higher
scale. The effort in the preparation steps can also be re-
duced by a dispenser and the automatic filling of the chips.
A comparison between chip and multiwell plate can be
found in Table 3.

a
ANOVA, P = 2.8¢-05
25 P =3.7e-05
2.0 P =0.0013
P =0.026

T 1.5 P=0.12
g
e

1.0 10 ng/uL

0.5 1078 10 ngiuL 50 nM 50 M

0.0 NC

) CRP BNP LDL cfmDNA SAv FISH HPV72

b

refMFI

ANOVA, P = 2.2¢-17
25 P =1e-09
20 P =2e-17
P=3.1e-13
1.5 P = 3.6e-05
10 ngiuL.

1.0
05 10 ng/uL 50nM

: 2 ngiuL 50 "M

10 ngiuL.

0.0 NC

: CRP BNP LDL cfmDNA SAv FISH HPV72

Fig.5 Simultaneous detection of protein and DNA-based cardiovascular biomarker. The simultaneous detection of the biomarkers CRP, BNP, LDL, and
cfmDNA in one chip (a) and in the multiwell plate (b) was complemented by the DNA-based detection molecules EUB338 (FISH) and HPV72
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Table 3  Comparison of microfluidic microbead chip and multiwell plate

Microfluidic microbead chip Multiwell plate

Advantages Disadvantages Advantages Disadvantages

Low background signal Expensive (small scale) Cheap High background signal

Fast reaction Time-consuming preparation (not automatized) High throughput Many (manual) washing steps
Small reaction volumes Low throughput (higher hands-on-time) Rapid preparation

Few washing steps
High surface-to-volume ratios
Increase sensitivity

Conclusion

A model system for the simultaneous detection of protein and
DNA-based cardiovascular biomarkers has been successfully
developed. For example, it is possible to use this system for
autoantibody detection as well as for antibody titer determina-
tion. The detection of biomarkers in a microfluidic microbead
chip has advantages over measurements in multiwell format,
such as low background signals, small reaction volumes, and
fast reaction. We have chosen a simple microfluidic structure
and a low chamber containing randomly ordered microbeads.
‘We never observed channel blockage as described by others [7].
We found the system is easy to assemble and can therefore be
adapted to new tests. In order to make the system more usable,
further optimizations have to be carried out. For the readout of
the image data, we used the FastFluoScan software of the
VideoScan system. There are alternative open source bioimage
informatics software packages [37] and smartphone-based read-
out [38] that could be used. These include improving the repro-
ducibility of cfmDNA detection and reducing the overall cost of
a chip (including beads, biomarkers, and detection molecules).
In addition, a secondary antibody or aptamers [39] for signal
amplification could be integrated into the system for further
experiments and the application of patient sample material with
tested autoantibodies is also required. More biomarkers should
be integrated into the system. Our technology theoretically al-
lows the use of up to 18 different microbead populations.
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